1. Introduction {#sec1}
===============

Autism spectrum disorders (ASDs) are a range of neurodevelopmental disorders typically characterized by repetitive and stereotyped behavior, limited social development, and impaired language skills. Autistic disorder, Asperger syndrome, and pervasive development disorder not otherwise specified (PDD-NOS) are the most commonly diagnosed ASDs and there are also a large number of cases that are considered idiopathic because the etiology is unclear \[[@B1]\]. Notably, the incidence of ASD diagnoses has increased substantially in the past twenty years, growing by as much as 5- or 10-fold, although, the approximate 4 : 1 ratio of affected males to female has been maintained \[[@B2]\]. Some of this increase has been driven by shifting diagnostic criteria, heightened awareness, and improved diagnostic techniques \[[@B3]\]. However, some of this increase could be attributable to an authentic increase in the frequency of ASDs. The identity of the factors fueling this increase remains somewhat elusive and the precise causes of ASD diagnoses remain unknown \[[@B4]\]. Although its basis is thought to be multifactorial, autism is known to be a highly heritable disorder \[[@B5]\]. To a certain extent, the observed inheritance patterns can be explained by typical genetic processes but, especially in light of studies noting discordance among monozygotic twins, this is unlikely to be the whole story \[[@B6]\]. Recently, the idea that epigenetic influences may be partly responsible for the development of ASDs in many patients has gained popularity.

Epigenetics refers to processes, notably the methylation of genes and modification of histones, that affect gene expression without altering the genetic code; a related term, epigenomics, concerns the study of the epigenome, which is a catalog of the heritable chemical changes made to DNA and histones. The effects of environment on phenotype are generally mediated through epigenetic processes \[[@B7]\]. Typical epigenetic mechanisms include the formation of 5-methylcytosine and acetylation of histones, thereby modifying the chromatin \[[@B8]\]. These epigenetic mechanisms can result in the silencing of particular genes and will ultimately impact the expressed phenotype \[[@B9]\]. Each individual\'s unique epigenome---the genome plus any epigenetic modifications---develops as a consequence of a variety of factors. The first, and probably most important, is the various effects exerted by the environment on the epigenome \[[@B10]\]. Second, the epigenome is itself heritable; a mother, for instance, can pass a methylated gene to her offspring \[[@B11]\]. Third, the epigenome---much like the genome---is subject to replication errors; however, whereas the typical error rate for gene replication is 1 : 1,000,000, the usual error rate for replicating epigenetic elements is closer to 1 : 1,000 \[[@B12]\]. Fourth, spontaneous changes to the epigenome, apart from changes driven by environmental causes, are thought to occur, known as epigenetic drift \[[@B13]\]. The latter two elements account for the stochastic nature of the epigenome that is the tendency of epigenomes to diverge despite having identical starting conditions.

This review examines the current state of knowledge concerning the impact of epigenetic mechanisms of the development of ASD and is organized in the following sections.

2. Epigenetic Protein-DNA Interactions: Proteins Mediating Epigenetic Signaling {#sec2}
===============================================================================

2.1. MeCP2 {#sec2.1}
----------

Methyl CpG binding protein 2 (MeCP2) is active in CNS regulation and development of synaptic contacts \[[@B14]\]. MeCP2 is known to be involved in gene silencing and as a consequence in its role epigenetic regulation has been the focus of a significant amount of investigation \[[@B15]\]. The MeCP2 gene is located on the q arm of the X chromosome. Since the MeCP2 gene is located on the X chromosome, it is X-linked and subject to X inactivation. Until recently, it was widely thought that MeCP2 was only responsible for the silencing of genes \[[@B16]\]. However, gene silencing is inconsistent with the mode of action of the MeCP2 protein product. Like other members of the methyl-CpG binding domain (MBD) family, MeCP2 binds to methylated DNA \[[@B17]\] and, after binding, MeCP2 forms a complex with the enzyme histone deacetylase 1 (HDAC1) that removes acetyl groups from histones, thereby causing the chromatin structure to condense. The condensation of the chromatin is critical to gene inactivation. However, recent investigations suggest that MeCP2 may also be capable of acting as an activator of a variety of genes \[[@B18]\]. Although the mechanism of this activating action is not totally clear, the dual functionality of MeCP2 is amply demonstrated by studies showing that 63% of MeCP2-bound promoters are actively expressed \[[@B17]\]. It is not clear whether the role of MeCP2 in the epigenetic regulation of autism is related to its role as a gene silencer or promoter. Nevertheless, a correlation between reduced expression of MeCP2 and ASD is noted.

Using immunofluorescence, Nagarajan et al. quantified MeCP2 in the frontal cortex (Brodmann area 9) and fusiform gyrus (Brodmann area 37) \[[@B19]\]. The frontal cortex had previously been linked to autism and associated with high levels of MeCP2 expression, whereas the fusiform gyrus is associated with face processing \[[@B20], [@B21]\]. MeCP2 expression at these brain sites was measured for 14 autistic brains, each of which was compared to three age-matched controls. In 11 of the 14 cases, the autism brain samples showed significantly decreased MeCP2 expression compared to age-matched controls; in some cases the reduction was as much as twofold. Similarly, the proportion of cells that expressed high levels of MeCP2 was reduced in 11 out of the 14 autistic samples. Of the six fusiform gyrus samples examined by Nagarajan et al., five showed decreased expression of MeCP2 in the fusiform cortex and each of those five were among the samples that exhibited decreased MeCP2 expression in the frontal cortex. This concordance suggests that whatever is responsible for decreased MeCP2 expression in the brains of ASD subjects is likely exerting a generalized, nonlocalized effect. The autism patients whose brains were examined by Nagarajan et al. were classified as idiopathic, indicating that there was no known genetic cause for their ASD or for the decreased MeCP2 expression that appears to be linked to the ASD. Epigenetic regulation might help explain these findings. In order to test for methylation of the promoter region associated with the MeCP2 gene, Nagarajan et al. conducted bisulfite sequencing. The MeCP2 is on the X chromosome, and all the study subjects were males and, thus, actively expressing the X chromosome. Methylation of the 5′ portion of the MeCP2 regulatory region was observed for most autism samples and the autism group showed a statistically significant increase in methylation when compared to similarly aged control group samples. As expected, an inverse correlation was found between promoter region methylation and MeCP2 expression. These findings suggest that aberrant methylation may have resulted in decreased expression of MeCP2, which was associated with autism. It is also worth noting that there is a well-established relationship between MeCP2 defects and Rett syndrome (Rett is definitively diagnosed by evidence of such a defect) since, from a clinical standpoint, Rett is classified as an ASD.

3. Epigenetic DNA-Protein Interactions {#sec3}
======================================

3.1. Protein Kinase C Beta {#sec3.1}
--------------------------

Recent evidence suggests that a correlation exists between downregulation of the protein kinase C beta gene (PRKCB1) in the temporal lobe and ASDs \[[@B22]\]. In particular, this association appears to be linked to the alternative splicing of PRKCB1 isozymes fsI and betaII. In addition, PRKCB1 haplotypes are (statistically) significantly associated with autism. Moreover, whole genome expression analysis showed less coordinated expression of PKCB1-driven genes \[[@B22]\]. Phosphorylation of histone H3 at threonine 6 (H3T6) by protein kinase c beta-1 protein appears to prevent lysine-specific demethylase 1 (LSD1) from demethylating H3K4 during androgen receptor-dependent gene activation \[[@B23]\]. This finding may partly explain the male predominance of ASDs and might support the hypothesis that the higher fetal androgen levels in males than females produce greater arousal inputs to the amygdala which might sensitize boys to environmental stressors. Girls lack such androgen-facilitated arousal inputs to the amygdala and are protected from such high arousal inputs by estrogens, oxytocin, and the oxytocin receptor \[[@B24]\]. A role for an oxytocin receptor polymorphism in ASDs is also reported in Chinese and Japanese cohorts \[[@B25], [@B26]\] and dysregulation of DNA methylation in the promoter region of the oxytocin receptor gene has been observed after acute psychosocial stress in an elderly German cohort \[[@B27]\].

3.2. Oxytocin Receptor {#sec3.2}
----------------------

Epigenetic regulation of the oxytocin receptor gene (OXTR) has been implicated in the etiology of ASDs \[[@B28]\]. Oxytocin, along with vasopressin, has also been determined to have a prosocial function \[[@B29]\]. Insel was the first to suggest a link between oxytocin and ASDs \[[@B30]\]. Some evidence for this link comes from animal studies. *OXTR* and oxytocin-knockout mice have been shown to have limited social memory and a diminished ability to recognize other individuals, both of which are common ASD symptoms \[[@B31], [@B32]\]. Interestingly, the effect of OXTR-knockout on social functioning is thought to be sex-specific; both developmental compensation and the effects of vasopressin have been posited as possible explanations for the normal social development in female OXTR knockout mice \[[@B33]\]. These findings suggest that any defect of the oxytocin pathway, including a deficiency of oxytocin receptors, may in some cases contribute to the development of ASDs. A diminished number of oxytocin receptors can have a variety of causes, including both genomic and epigenetic. A study by Gregory et al. looked at a family in which the mother had a hemizygous deletion of the OXTR gene, which she passed down to one of her sons, but not the other; however, both sons were diagnosed with autism \[[@B34]\]. Kimura et al. hypothesized that the promoter region of the OXTR gene of the affected sibling without the deletion was hypermethylated. Prior studies had identified two CpG island regions of the OXTR gene that, as a consequence of variable methylation, are reported to be associated with differential OXTR expression in liver and myometrium \[[@B35]\]. The first CpG island overlaps with exons 1, 2, and 3 of OXTR gene and the second CpG island was localized to the third intron. The second CpG island, within intron 3, was found to be heavily methylated in all three family members studied, the mother and her two affected sons. On the other hand, the other CpG island---overlapping exons 1, 2, and 3---was methylated differently in each of the family members; specifically, the affected sibling without the deletion showed significantly more methylation than his brother or mother at three sites within the intron. This hypermethylation occurred at locations that have previously been shown to impact OXTR expression. Since both siblings were autistic, even though one had a genomic deletion and the other displayed hypermethylated promoter regions, the Gregory et al. study stands as an elegant demonstration of the idea that epigenetic and genetic mechanisms can have equivalent effects on phenotype. The Gregory et al. study went one step further in an attempt to demonstrate that OXTR gene silencing is not unique to the highlighted case and is, in fact, a common contributor to autism. Five differentially methylated CpG islands were examined in a group of 20 autistic and 20 phenotypically normal individuals and, as expected, the autism group showed a statistically significantly higher level of methylation at several examined loci. These observations were made in samples of both blood and cerebral cortex. Additionally, low levels of OXTR expression were found to be associated with increased methylation at a statistically significant level. This finding strengthens the idea that promoter region methylation causes gene silencing. Moreover, when the data were stratified by sex, two of the loci showed significant differences in methylation for males only, thereby implying that the different frequencies of autism in males and females might be driven by epigenetic mechanisms.

3.3. Bcl-2 {#sec3.3}
----------

Bcl-2 (B-cell lymphoma 2) is a protein responsible for the regulation of apoptosis \[[@B36]\]. The *Bcl-2* gene has been implicated in the etiology of several cancers and the abnormal expression of the gene has also been linked to diseases with social impacts such as schizophrenia and autism \[[@B37]\]. The Bcl-2 protein is reported to be decreased in both the cerebellum and frontal cortex of autistic subjects compared to age and gender-matched controls \[[@B38], [@B39]\].

Evidence linking *Bcl-2* gene expression to the development of ASD is still being assembled and thus the extent to which a causative relationship exists remains largely a matter of speculation. That said, a study by Nguyen et al. \[[@B40]\] examining lymphoblastoid cell lines from sets of monozygotic twins that were discordant for autism, and also comparing the twins\' cell lines to those of their nonautistic, nontwin siblings, provides a basis for preliminary discussion.

3.4. RORA {#sec3.4}
---------

The proposition that epigenetic regulation of the retinoic acid-related orphan receptor alpha (RORA) might cause autism is relatively new. Although the functions of RORA are largely unknown, RORA regulation of circadian rhythm and neuroprotection against oxidative stress and inflammation is reported \[[@B41], [@B42]\]. A link between RORA and autism makes intuitive sense because autism is thought to be associated with increased levels of oxidative stress and inflammation \[[@B43], [@B44]\]. The Nguyen et al. study was the first to give scientific grounding to this intuition by noting that---as was the case with Bcl-2---there were statistically significant differences in both RORA gene promoter region methylation and protein product expression between autistic subjects and their (non-twin) unaffected siblings \[[@B40]\]. This was the case in both lympoblastoid cell line and postmortem brain tissue. Interestingly, when the population was stratified by the various ASD subtypes, it turned out that reduced RORA expression was only observed in ASD subjects with severe language impairment. As a consequence, reduced RORA expression was not observed in all ASD subjects. The notion that RORA methylation might be largely responsible for the language deficits sometimes associated with ASD is a useful finding that helps clarify the etiology of autism and an important first step in determining the particular mechanism responsible for these symphtoms. Moreover, the connection between promoter region methylation and RORA expression was confirmed by treatment with global inhibition of methylation using 5-Aza, which increased gene expression in autistic subjects, but not in unaffected subjects. However, as with Bcl-2, the effects of 5-Aza on undiagnosed cotwins and unaffected subjects were not found to be statistically significant. This finding must be interpreted cautiously because there could be a variety of possible explanations.

3.5. *β*-Catenin {#sec3.5}
----------------

The *β*-catenin gene has been the subject of much investigation related to its potential as an oncogene but it can also act as the fulcrum in at least two relevant epigenetic processes related to the development of ASD. One epigenetic process of *β*-catenin involves estrogens. Estrogens are critical players in the sexual differentiation of the brain and it is likely that brain estrogen levels are increased in autistic subjects \[[@B45]\]. Estrogens, being steroid hormones, and their receptors---including estrogen receptor alpha (ER*α*)---are located in the nucleus and in the cytosol of target cells. One of the targets of cytosolic ER*α* is GSK3B, which is known to form a complex with *β*-catenin for degradation of *β*-catenin. ER*α* activation by estradiol is reported to release *β*-catenin from this complex, thereby increasing *β*-catenin availability \[[@B46]\]. An increase in the cytosolic concentration of estrogens is thought to result in increases in cytosolic and nuclear *β*-catenin during critical periods of prenatal and/or neonatal development wherein *β*-catenin binding to the LEC/TCF promoter has positive effects on Wnt pathway gene transcription. Such increased transcription in the Wnt pathway is strongly associated with the development of ASDs. The effect of ER*α* in this process is to cause the dissociation of *β*-catenin from a complex whose integral members include the proteins GSK3*β*, axin, and adenomatous polyposis coli tumor suppressor (APC). GSK3*β*, axin, and APC are negative regulators of the Wnt signaling pathway and the complex requires all of these constituents to initiate the destruction of *β*-catenin. The absence or downregulation of any of these components may increase the availability of cytosolic *β*-catenin, as well as in the various knockin effects discussed previously---increased nuclear *β*-catenin with greater Wnt pathway transcription. Lithium, used mostly as a mood stabilizing drug, exerts an inhibitory effect on GSK3*β* both directly and indirectly, by interrupting the dephosphorylation of phospo-GSK3*β* \[[@B47]\]. In either case, the effect is the same, and also the same as that of increased estrogen levels; that is, the complex responsible for initiating the degradation of *β*-catenin is made nonfunctional, and the concentration of cytosolic *β*-catenin increases.

3.6. The Neurexin-Neuroligin Pathway {#sec3.6}
------------------------------------

SHANK3 is a scaffolding protein in the neurexin-neuroligin pathway that interacts with synaptic proteins. Recent research suggests that copy number variations or mutations of either of these proteins may be associated with the development of ASDs \[[@B48]\]. It appears that epigenetic mechanisms are used to control the expression of this gene. For instance, Beri et al. identified five CpG islands in the SHANK3 gene, the posttranslational methylation of which determines gene expression \[[@B49]\]. One specific locus---CpG island 2---appeared to particularly impact tissue SHANK expression. Further more, taking advantage of the fact that the SHANK3 gene is well conserved between humans and rodents, Uchino and Waga demonstrated that the neonatal expression of certain SHANK3 transcripts in mice temporarily decreases as the methylation of CpG island 2 peaks two weeks after birth \[[@B50]\]. This suggests that the expression of SHANK3 (and thus its effect on the development of ASD) is regulated by epigenetic mechanisms, though this connection has yet to be directly established in humans. Additionally, two genes responsible for the production of cell adhesion molecules in this pathway, NLGN3 and NLGN4, have also been associated with the development of ASD \[[@B48]\]. However, to date, epigenetic regulation of this gene is still unproven \[[@B51]\].

4. Role of Maternal Hypomethylation in Autism {#sec4}
=============================================

Thus far, discussion of the contribution made by epigenetic mechanisms to the development of ASDs has focused on the genes and proteins of autistic patients. There is good reason for this. ASDs are known to possess a variety of genetic determinants, so investigations into the effects of gene silencing or promotion naturally focus on the silencing or promotion of the genes of the patient. However, epigenetic mechanisms do not exert their influence only by mechanisms of gene manipulation. For example, epigenetic influences on the maternal genome could alter the intrauterine environment such that the probability of the offspring developing ASDs is increased or decreased. DNA hypomethylation linked to variants in the maternal folate pathway has been linked to aberrant fetal development \[[@B52], [@B53]\]. Also, and more importantly, folate is the primary one carbon donor critical for methylation reactions. Because epigenetic mechanisms typically exert their influences by methylation of DNA, investigation of the folate pathway should provide insight into the availability of methylation precursors and also the extent of genomic methylation in mothers of both their autistic and their unaffected children.

A study by James et al. was performed, in part, to bolster the findings that mothers of autistic children often presented with aberrant DNA methylation \[[@B54]\]. Mothers of autistic children exhibited significantly lower levels of methylfolate and methionine---essential precursors for DNA methylation---than their counterparts in the control group. In addition, levels of the methylation-inhibiting proteins S-adenosylmethionine, adenosine, and homocysteine were all elevated in autism mothers. S-adenosylmethionine (SAM) is the primary methyl donor for the DNA methyltransferase reaction, which produces S-adenosylhomocysteine (SAH) and methylated DNA. Because SAM and SAH are linked by the transferase reaction, the SAM/SAH ratio is generally considered to be a good indicator of DNA methylation potential. Mothers of autistic children displayed a lower SAM/SAH ratio than the control group, which is indicative of a diminished capacity for methylation. Going one step further, in addition to having a lower capacity for methylation, the DNA of autism mothers is in fact less methylated than that of mothers of unaffected children; the ratio of 5-methylcytosine to total cytosine---a measure of overall genomic methylation---was significantly lower in the mothers of autistic children. Taken together, this evidence strongly suggests that hypomethylation of maternal DNA may be linked to ASDs. The significance of these findings about the influences of epigenetics on the development of autism is not entirely clear. However, it is not even clear that what is being observed is the effect of epigenetics. For example, although the ratio of 5-methycytosine to total cytosine was statistically correlated to the SAM/SAH ratio, it was more closely linked to the presence of an uncommon recessive allele in the gene that codes for reduced folate carrier protein. It is generally assumed that genes subjected to an atypical level of methylation are manifesting the effects of epigenetic influences. However, for this particular case of the SAM/SAH ratio, this assumption should be questioned. If, as the correlation data suggest, the differential methylation exhibited by mothers of autistic children is largely a consequence of a genetic polymorphism, then it is not likely to be epigenetics at work. If intrauterine conditions are altered by maternal hypomethylation, such changed conditions must impact fetal development pathways by specific mechanisms that remain to be elucidated.

5. Epigenetics and Nutritional Factors in Autism {#sec5}
================================================

The period of development in which the nutritional imbalance occurs is very important in determining which disease-related genes will be affected. Different organs have critical developmental stages, and the time point at which they are compromised will predispose individuals to specific diseases. Epigenetic modifications that occur during development may not be expressed until later in life depending on the function of the gene. While the majority of studies implicate prenatal periods as critical time windows, some research has shown that nutritional intake during adulthood can also affect the epigenome.

Genetic polymorphisms of cytochrome P450 enzymes have been linked to ASD, specifically the cytochrome P450 family 27 subfamily B gene (CYP27B1) that is essential for proper vitamin D metabolism. Epigenetic regulation of cytochrome P450 genes for hydroxylation and activation of vitamin D in has been shown in prostate cancer cells \[[@B55]\]. Vitamin D is important for neuronal growth and neurodevelopment, and defects in metabolism or deficiency have also been implicated in ASDs \[[@B56]\]. Mutations of MeCP2 associated with impaired methylation are known to be associated with ASDs and the related neurological disorder, Rett syndrome. One component of Rett syndrome is abnormal bone formation wherein abnormal vitamin D metabolism is associated with epigenetic dysregulation of cytochrome P450 genes \[[@B57]\] which could be a conceptual model for epigenetic interactions between MeCP2, vitamin D, and cytochrome P450 genes \[[@B56]\]. Abnormal folic acid metabolism may also play a role in the decreased capacity for methylation and DNA hypomethylation associated with significantly greater than normal levels of plasma homocysteine, adenosine, and SAH in mothers of subjects diagnosed with ASDs \[[@B58]\]. Changes in autism-related behaviors are reported to be strongly associated with vitamin-supplementation associated changes in plasma levels of biotin and vitamin K \[[@B59]\] and although biotin is a known cofactor in bioavailability of methyl groups for DNA methylation, a vitamin-K-related epigenetic mechanism has not been described.

6. Epigenetics and Toxic Factors in Autism {#sec6}
==========================================

6.1. Valproic Acid {#sec6.1}
------------------

Valproic acid (VPA) is a therapeutic anticonvulsant and mood stabilizing drug that gained attention in the 1980s as a potential teratogen. VPA exposure is highly correlated with autism; as many as 60% of infants who exhibit the suite of symptoms associated with VPA teratogenicity also display two or more autistic characteristics \[[@B60]\]. Autism has also been shown to occur in 9% of cases of prenatal exposure to VPA \[[@B61]\]. The mechanisms underlying the pharmacological actions of VPA are also suggestive of a correlation between VPA and autism \[[@B62]\]. VPA is responsible for inhibiting two enzymes: myo-inositol-1-phosphate (MIP) synthase and the class 1 and 2 histone deacetylase (HDAC). HDAC1 is an important inhibitor of DNA transcription that works by associating with the LEC/TCF transcription factor. When HDAC1 is removed from the LEC/TCF complex, it leaves behind a primed (but inactive) promoter of gene transcription. The primed promoter then forms a complex with *β*-catenin, thus activating the promoter and increasing transcriptions rates of a variety of genes in the Wnt signaling pathway including cyclin D1, required for the transition from the G1 to S phases of mitosis, and MYC, a transcription enhancer for many genes throughout the genome \[[@B63]\]. Accordingly, the consequence of VPA-mediated inhibition of HDAC1 is to upregulate the transcription of Wnt pathway genes. In addition, VPA increases cellular levels of *β*-catenin, presumably in response to the increased availability of primed LEC/TCF promoters \[[@B64]\]. The effect of VPA on Wnt gene transcription is well understood but fails to explain the connection between VPA and autism. In order to complete this link, an increase in the number of neocortical minicolumns is highly correlated with autism \[[@B65]\]. This observation is supported by fMRI studies that report differences in how autism brains coordinate the processing of information \[[@B66]\]. It is reasonable to assume that processes which upregulate genes of the Wnt signaling pathway---such as prenatal exposure to VPA---may result in poorly regulated mitosis and cellular proliferation, one manifestation of which could be an increase in the number of neocortical minicolumns and macrocephaly. This mechanism has been observed at work in a slightly different context. Recall that MeCP2 inactivates genes by forming complexes with a variety of different molecules. One of these molecules is HDAC1 \[[@B67]\] and in the absence of HDAC1, or even if HDAC1 has merely been downregulated, the gene inactivating properties of MeCP2 is expected to have a diminished effect. One of the promoters on which MeCP2 typically exerts its regulatory effect is the LEC/TCF promoter, which, as mentioned previously, ultimately regulates the transcription rates of the Wnt signaling pathway. Although MeCP2 has effects on gene methylation, the function of HDAC1 concerns acetylation of histones. However, to transcriptionally deactivate genes, they must often be both methylated and deacetylated. Thus, VPA-induced inhibition of HDAC1 interferes with the functionality of MeCP2 which appears to increase the risk of developing ASDs.

7. Epigenetics and Other Illnesses Associated with Autism {#sec7}
=========================================================

Epigenetic effects may also manifest through aberrant methylation patterns of imprinted genes. The expression of imprinted genes, which are mostly found in clusters on chromosomes 6, 7, 11, 14, and 15, is controlled by a series of epigenetic marks (DNA methylation and histone modification). Imprinting defects may be primary or secondary. Primary imprinting defects cause changes in methylation patterns but leave the DNA sequences unaltered and thus may be classified as an epigenetic mechanism \[[@B68]\]. Angelman syndrome, which is caused by an absence of active maternal genes in the 15q11-1q13 region, may result from a primary imprinting defect (though the syndrome is more commonly caused by a deletion on the maternal chromosome or a paternal uniparental disomy). There is some basis to suspect a link between Angelman syndrome and ASDs. For instance, a study by Steffenburg et al. sought to ascertain the frequency of ASDs among children diagnosed with Angelman syndrome \[[@B69]\]. The study screened a series of mentally retarded children for Angelman syndrome and subsequently evaluated the children with Angelman syndrome for evidence of autism. Four out of the approximately 49,000 screened children were diagnosed with Angelman syndrome, and each of those four were found to demonstrate autistic behaviors. However, other studies place the rate of cooccurrence of ASDs and Angelman syndrome at a rate of as low as 2%. Taken together, it seems reasonable to assert that, to the extent that Angelman syndrome and ASDs are linked, the condition of some percentage of these patients will be related to an epigenetic primary imprinting defect. That said, the available evidence does not establish whether the epigenetic defect causing Angelman syndrome leads directly to autistic symptoms or if instead the relationship between Angelman syndrome and ASDs is merely correlative, and not causative.

On the other hand, secondary imprinting defects occur when a gene mutation results in improper epigenetic regulation. Such a defect may occur in Prader-Willi syndrome, which is characterized by the lack of a paternal contribution at the 15q11-q13 locus. The specific mutation most commonly responsible for secondary imprinting Prader-Willi syndrome is a cis-acting defect of the imprinting regulatory center of the Prader-Willi gene \[[@B70]\]. Prader-Willi patients present with autistic behavior more frequently than Angelman syndrome patients; studies suggest that the frequency of ASDs co-occurrence with Prader-Willi syndrome is between 18% and 38% \[[@B71]\], though the causative nature of this relationship has not been established.

Fragile X syndrome is the leading single-gene cause of autism accounting for as many at 5% of all cases \[[@B72]\]. As with Prader-Willi and Angelman syndromes, epigenetic mechanism can contribute to the development of the fragile X, which is characterized by the presence of 200 or more CGG repeats in the 5′ untranslated region of the FMR1 gene \[[@B73]\]. The resulting increased concentration of cytosine and guanine nucleotides causes the global methylation of not only the CGG-repeat region but also adjacent regions, which happen to include FMR1 promoter elements.

8. Conclusions {#sec8}
==============

[Figure 1](#fig1){ref-type="fig"} summarizes the main epigenetic mechanisms that may play roles in ASD. Low activity of methyl CpG binding protein 2 (MeCP2) at CpG islands in genes of frontal cortex is shown to reduce the capacity for inhibiting HDAC1 and chromatin condensation for gene silencing. HDAC1 inhibition by valproic acid and GSK3*β* inhibition by lithium are shown to upregulate the Wnt signaling pathway which causes accumulation of *β*-catenin in the cytoplasm and its translocation to the nucleus, acting as an activator of transcription and resulting in macrocephaly with increased numbers of cerebral cortical columns. DNMT is shown to methylate the oxytocin receptor gene and silence it, resulting in the low oxytocin and estrogen activity necessary for androgen receptor mediation of high arousal inputs to the amygdala, associated with antisocial behaviors after exposure to environmental stressors. Histone H3 phosphorylation by protein kinase C beta is shown to activate the LSD1, an HMT that prevents demethylation of H3K4, that is also necessary for androgen receptor mediation of high arousal inputs to the amygdala. Hypomethylation by decreased availability of S-adenosyl methionine (SAM) is shown to occur in mothers of autistic children. Environmental and nutritional conditions acting as pro- or antiautism factors by epigenetic mechanisms suggest strategies for decreasing the prevalence of ASD. This knowledge of putative epigenetic targets should motivate clinical practitioners and educators to develop novel treatment strategies based on the environment-gene interactions which could contribute to the core symptoms of ASD.
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![Main mechanisms of epigenetic alterations in autism. Each alteration involves many enzymes but the main players to cause methylation or acetylation are shown by arrows. These are not separate mechanisms and the enzymes do not act alone. Several enzymes act at a promoter simultaneously. (1) Low methyl CpG binding protein-2 (MeCP2) at CpG islands of frontal cortex reduces capacity for complexing with histone deacetylase 1 (HDAC1) for gene silencing. (2) HDAC1 inhibition by valproic acid exposure and glycogen synthetase kinase-3B (GSK3B) inhibition by lithium upregulate Wnt signaling pathway and activate transcription, associated with macrocephaly with increased number of cerebral cortical column. (3) DNA methyltransferase (DNMT) methylates oxytocin receptor gene produces low oxytocin and estrogen activity necessary for androgen receptor mediated high-arousal inputs to amygdala. (4) Histone H3 phosphorylation by protein kinase C beta activates the histone methyltransferase (HMT) lysine demethylase 1 (LSD1) which prevents demethylation of lysine-4 site of histone-3 (H3K4) that is also necessary for androgen receptor (AR) mediation of high arousal inputs to amygdala. (5) Maternal hypomethylation by dietary folic acid deficiency decreases availability of S-adenosyl methionine (SAM), associated with abnormal intrauterine growth.](AURT2013-826156.001){#fig1}
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